INTRODUCTION {#s1}
============

Aging is considered to confer the greatest risk for the development of a malignancy. Presumably the accumulated lifetime exposure to DNA-damaging agents and age-related impaired DNA repair and replicative capacity would demonstrate a positive correlation of tumor mutation rate and age \[[@R1], [@R2]\]. Precluding the former theory, even if genomic changes occur during DNA replication by chance and are based on the number of stem cell divisions and not related directly to DNA damage/repair, there would still be an association with age \[[@R3]\]. Overall, studies have revealed that there are approximately 140 genes that can promote tumorigenesis across the spectrum of tumors, with each tumor typically containing two to eight of these driver mutations conferring selective growth advantage \[[@R4]\]. Based on the aforementioned premise, older patients would be predicted to be more likely to have an actionable mutation for targeted therapeutics. Tumor mutations may also correlate with clinical responses to immune therapeutics such as immune checkpoint inhibitors \[[@R5], [@R6]\] however, this has yet to be validated. Moreover, it is still somewhat controversial as to the role of immune checkpoint blockade in GBM treatment as no clinical studies to date confirm efficacy. GBM (glioblastoma) is the most common primary brain tumor of adulthood, and younger age is a positive prognostic factor \[[@R7]\]. This association has been attributed to a higher pretreatment KPS score, a greater likelihood of aggressive therapeutic interventions, increased eligibility for clinical trials, and a more robust social support system \[[@R8]\]. A positive correlation between mutation frequency and age among GBM patients has recently been demonstrated \[[@R9]\]. Age-related molecular signatures in GBM patients have been previously documented---specifically *IDH1* alterations, which are not only prognostic but which also molecularly define primary versus secondary GBM \[[@R10]--[@R14]\]. In this study, we specifically analyzed genes that have been previously shown to play a crucial role within the context of GBM and their association with age. We compared these molecular profiles, obtained in a Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory, of a large cohort of GBM samples obtained from younger (18--45 years) and older patients (\> 70 years). Identification of specific molecular alterations may provide an opportunity to identify patients likely to benefit from targeted therapies or define cohorts of patients who may benefit from more comprehensive molecular profiling.

RESULTS {#s2}
=======

Study population {#s2_1}
----------------

A total of 375 adult GBM samples comprised the data set that was submitted to a commercial company conducting molecular profiling. Specimens were procured at various times during the disease course. The study group was dichotomized into an older cohort of patients aged 70 years or greater (*N* = 178; 47%) and a younger cohort of patients less than 45 years old (*N* = 197; 53%). Patients between the ages of 45 and 70, those with astrocytomas of WHO grade III or below, or with oligodendrogliomas, were excluded. Distribution of the sexes was well-balanced in the dichotomized age groups: 38% (75/197) and 37% (67/178) were female in the younger and older cohorts, respectively. Patient treatment history and response were not part of the data collection because this is a commercial repository.

Age association of GBM-specific protein expression {#s2_2}
--------------------------------------------------

An analysis of 18 biomarkers by IHC revealed that regardless of age, TUBB3 was most frequently expressed at 85% of cases, followed by PTEN and EGFR at 78.5% and 77.5%, respectively (Table [1](#T1){ref-type="table"}), consistent with prior reports \[[@R15]\]. Age-dependent differential expression of three proteins was found: ALK, RRM1, and TUBB3. Specifically, 29% (7/24) of patients less than 45 years old expressed ALK versus only 4.2% of elderly patients (*P* = 0.0479). RRM1 was expressed in 48% (65/136) of younger patients compared with 31.6% (37/117) of elderly patients (*P* = 0.0103). TUBB3 showed very high expression in the younger group, staining positively in 93% (94/101) of samples relative to 76% (69/90) in the elderly group (*P* = 0.0018). There were no age-dependent differences in the expression of PD-1, PD-L1, MGMT, EGFR, or PTEN.

###### Immunohistochemical analysis of all GBMs

              Patient age \< 45   Patient age ≥ 70                                                           
  ----------- ------------------- ------------------ ------------------------------------------- ----- ----- ------
  **ALK**     7                   24                 29.2[^\*^](#tfn_001){ref-type="table-fn"}   1     24    4.2
  cMET        6                   117                5.1                                         2     108   1.9
  EGFR        51                  65                 78.5                                        42    55    76.4
  ERCC1       37                  98                 37.8                                        32    86    37.2
  MGMT        7                   81                 8.6                                         3     60    5
  PD-1        27                  64                 42.2                                        29    54    53.7
  PD-L1       13                  69                 18.8                                        5     60    8.3
  PGP         8                   139                5.8                                         7     131   5.3
  PR          11                  143                7.7                                         7     134   5.2
  PTEN        142                 180                78.9                                        118   151   78.1
  **RRM1**    65                  136                47.8[^\*^](#tfn_001){ref-type="table-fn"}   37    117   31.6
  SPARCm      21                  127                16.5                                        14    104   13.5
  SPARCp      16                  136                11.8                                        6     111   5.4
  TLE3        39                  108                36.1                                        36    100   36
  TOP2A       90                  148                60.8                                        69    130   53.1
  TOPO1       96                  167                57.5                                        73    148   49.3
  TS          89                  162                54.9                                        70    140   50
  **TUBB3**   94                  101                93.1[^\*^](#tfn_001){ref-type="table-fn"}   69    90    76.7

indicates *P* value \< 0.05.

List of abbreviations: ALK: anaplastic lymphoma kinase; cMET: MET or hepatocyte growth factor receptor; EGFR: epidermal growth factor receptor; ERCC1: excision repair cross-complementation group 1; MGMT: O^6^-methylguanine-DNA methyltransferase; PD-1: programmed cell death 1; PD-L1: programmed cell death ligand 1; PGP: P-glycoprotein; PR: progesterone receptor; PTEN: phosphatase and tensin homolog; RRM1: ribonucleotide reductase subunit M1; SPARC: secreted protein acidic and rich in cysteine; TLE3: transducing-like enhancer of split 3; TOP2A: topoisomerase II alpha; TOPO1: topoisomerase I; thymidylate synthase; TUBB3: class III beta-tubulin.

Mutations segregate by age in GBM patients {#s2_3}
------------------------------------------

Consistent with prior reports, 1p/19q codeletion is a rare event in GBM and was only found in the younger cohort (*P* = 0.0566) \[[@R15], [@R16]\]. Either CISH or FISH was used to evaluate gene amplification of *cMET*, revealing an amplification rate of less than 2% of GBM cases in both the young and elderly patient groups consistent with previous literature \[[@R15]\]. The large deletion of exons 2--7 on the extracellular domain of *EGFR* (*EGFRvIII*) was tested by fragment analysis, and there was no significant difference in *EGFRvIII* expression between older and younger age groups (14% versus 12%, respectively) in 131 samples.

A panel of well-known, pan-cancer-related genes was constructed from a dataset of 592 total mutations (Table [2](#T2){ref-type="table"}). Because this is a commercial repository, physicians' requests for specific alterations and profiling were limited to subsets of patients. The most frequently mutated gene in the younger subgroup was *ATRX*, in 66.7% (6/9 cases) followed by *TP53*, in 56.6% (56/99) of cases. In the elderly cohort, the most frequently altered genes were *PTEN* and *TP53*, with each occurring in 25.8% of cases (24/93 and 25/97, respectively). Younger patients were more likely than older ones to have a mutation in *TP53* (56.6% versus 25.8%, respectively; *P* \< 0.0001) and *BRAF* (9.3% versus 1.7%, respectively; *P* = 0.0117). As expected, younger patients were also more likely than older ones to carry *IDH1* mutations (26% versus 3.1%, respectively; *P* \< 0.0001). Interestingly, the only mutation more frequently mutated in elderly patients than younger ones was *PTEN* (26% versus 12.5%, respectively; *P* = 0.0258).

###### Mutational analysis (sequencing): All GBMs

                      Patient age \< 45   Patient age ≥ 70                                                          
  ------------------- ------------------- ------------------ ------------------------------------------- ---- ----- -------------------------------------------
  ABL1                2                   98                 2                                           1    93    1.1
  AKT1                0                   100                0                                           1    98    1
  ALK                 0                   100                0                                           0    98    0
  Androgen Receptor   0                   10                 0                                           0    10    0
  APC                 4                   100                4                                           7    98    7.1
  ARAF                0                   10                 0                                           0    10    0
  ATM                 1                   100                1                                           5    97    5.2
  **ATRX**            6                   9                  66.7[^\*^](#tfn_002){ref-type="table-fn"}   1    9     11.1
  BAP1                0                   10                 0                                           1    10    10
  **BRAF**            12                  129                9.3[^\*^](#tfn_002){ref-type="table-fn"}    2    118   1.7
  BRCA1               2                   59                 3.4                                         2    39    5.1
  BRCA2               4                   59                 6.8                                         2    38    5.3
  CDK4                0                   10                 0                                           0    10    0
  CDKN2A              1                   7                  14.3                                        1    8     12.5
  CHEK1               0                   10                 0                                           0    10    0
  CHEK2               0                   10                 0                                           0    10    0
  cKIT                5                   107                4.7                                         2    107   1.9
  cMET                2                   100                2                                           0    98    0
  CSF1R               3                   100                3                                           0    98    0
  CTNNB1              1                   100                1                                           0    98    0
  DDR2                0                   10                 0                                           0    10    0
  EGFR                6                   101                5.9                                         7    99    7.1
  ERBB2               0                   97                 0                                           0    94    0
  ERBB3               0                   10                 0                                           0    10    0
  FGFR1               0                   100                0                                           0    98    0
  FGFR2               2                   99                 2                                           0    98    0
  FGFR3               1                   10                 10                                          0    10    0
  FLT3                0                   99                 0                                           1    98    1
  GNA11               2                   92                 2.2                                         0    86    0
  GNAQ                0                   82                 0                                           0    81    0
  GNAS                1                   100                1                                           0    98    0
  HRAS                0                   88                 0                                           0    80    0
  **IDH1**            26                  100                26[^\*^](#tfn_002){ref-type="table-fn"}     3    98    3.1
  IDH2                1                   73                 1.4                                         0    61    0
  JAK2                0                   100                0                                           1    98    1
  KDR                 0                   100                0                                           1    98    1
  KRAS                4                   119                3.4                                         2    116   1.7
  MEK1                0                   10                 0                                           0    10    0
  MEK2                0                   10                 0                                           0    10    0
  MLH1                2                   99                 2                                           0    98    0
  MPL                 0                   99                 0                                           0    95    0
  NF1                 4                   10                 40                                          2    10    20
  NOTCH1              0                   97                 0                                           0    98    0
  NRAS                0                   110                0                                           2    106   1.9
  NTRK1               0                   10                 0                                           0    10    0
  PDGFRA              5                   99                 5.1[^\^^](#tfn_003){ref-type="table-fn"}    0    97    0
  PDGFRB              0                   10                 0                                           0    10    0
  PIK3CA              14                  120                11.7                                        6    110   5.5
  PTCH1               0                   10                 0                                           1    10    10
  **PTEN**            12                  96                 12.5                                        24   93    25.8[^\*^](#tfn_002){ref-type="table-fn"}
  PTPN11              6                   99                 6.1                                         1    98    1
  RAF1                2                   10                 20                                          0    10    0
  RET                 0                   93                 0                                           2    91    2.2
  ROS1                0                   10                 0                                           1    10    10
  SMARCA4             3                   10                 30                                          0    10    0
  SMO                 1                   87                 1.1                                         1    83    1.2
  **TP53**            56                  99                 56.6[^\*^](#tfn_002){ref-type="table-fn"}   25   97    25.8
  VHL                 0                   91                 0                                           0    89    0
  WTI                 0                   9                  0                                           1    10    10

indicates *P* value \< 0.05;

indicates *P* value \> 0.05 but \< 0.10.

Mutation and age associations within molecularly-defined GBM {#s2_4}
------------------------------------------------------------

Because the field is evolving from a definition of GBM based on histological characteristics to one based on molecular signatures, we performed a secondary analysis in GBM patients who had wild-type *IDH1* status, in order to assess for age variation in biomarker expression (Table [3](#T3){ref-type="table"}). Among the IHC markers, the association of TUBB3 with younger age was confirmed in the *IDH1* wild-type GBM population, but this association no longer held for RRM1 and ALK (Table [3](#T3){ref-type="table"}). Specifically, TUBB3 was highly expressed in younger patients relative to older ones (91% \[61/67\] versus 77% \[64/83\], respectively; *P* = 0.0268). Similarly, there was an increased incidence of expression of TOPO1 in younger patients relative to older ones (63.4% \[45/71\] versus 46.6% \[41/88\], respectively; *P* = 0.0406) that was a noted trend upon analysis of the histologically-defined GBM cases (Table [1](#T1){ref-type="table"}). There was no age-dependent difference in expression in PD-1, PD-L1 or PTEN. Overall 1p19q codeletion occurred in less than 10% of the *IDH* wild-type GBM population, and again, only in the younger population. The enrichment of *BRAF*, *PDGFRA*, and *TP53* mutations in the younger patient cohort was also statistically different in the molecularly-defined subset GBM patients (Table [4](#T4){ref-type="table"}). Mutations in several other genes such as *PTPN11* and *SMARCA4* also showed consistent trends of enrichment in the younger cohort between these two subsets. (Table [1](#T1){ref-type="table"} and Table [4](#T4){ref-type="table"}). There was a higher frequency of *BRAF* mutations in the younger *IDH* wild-type patients compared with older patients (12.5% \[9/72\] versus 1.1% \[1/95\], respectively; *P* = 0.0053). No patients in the elderly cohort had mutations in *SMARCA4* or *PDGFRA*; however, 50% (3/6) of younger patients showed a *SMARCA4* mutation (*P* = 0.0357) and 4.2% (3/71) carried a *PDGFRA* mutation (*P* = 0.0348). Younger patients had more frequent mutations in *PTPN11* (7% \[5/71\] versus 1.1% \[1/95\], respectively; *P* = 0.0437). Lastly, a higher frequency of *PTEN* mutations was again observed in geriatric patients with molecularly defined GBM, but this did not reach statistical significance.

###### Immunohistochemical analysis: IDH1/2 wild type GBMs

              Age \< 45   Age ≥ 70                                                         
  ----------- ----------- ---------- ------------------------------------------- ---- ---- ------
  ALK         6           22         27.3[^\^^](#tfn_005){ref-type="table-fn"}   1    22   4.5
  cMET        2           64         3.1                                         1    80   1.3
  EGFR        32          38         84.2                                        36   47   76.6
  ERCC1       7           31         22.6                                        15   36   41.7
  MGMT        1           9          11.1                                        1    5    20
  PD-1        22          47         46.8                                        28   51   54.9
  PD-L1       11          50         22                                          5    57   8.8
  PGP         3           63         4.8                                         1    79   1.3
  PR          1           61         1.6                                         1    76   1.3
  PTEN        68          71         95.8                                        79   86   91.9
  RRM1        19          51         37.3                                        21   63   33.3
  SPARCm      5           36         13.9                                        21   63   6.1
  SPARCp      3           40         7.5                                         1    55   1.8
  TLE3        21          61         34.4                                        25   76   32.9
  TOP2A       37          62         59.7                                        47   78   60.3
  **TOPO1**   45          71         63.4[^\*^](#tfn_004){ref-type="table-fn"}   41   88   46.6
  TS          38          70         54.3                                        49   84   58.3
  **TUBB3**   61          67         91[^\*^](#tfn_004){ref-type="table-fn"}     64   83   77.1

indicates *P* value \< 0.05;

indicates *P* value \> 0.05 but \< 0.10.

###### Mutational analysis (sequencing): IDH wild type GBMs

                      Patient age \< 45   Patient age ≥ 70                                                             
  ------------------- ------------------- ------------------ ----------------------------------------------- ---- ---- ------
  ABL1                1                   70                 1.4                                             1    90   1.1
  AKT1                0                   72                 0                                               1    95   1.1
  ALK                 0                   72                 0                                               0    95   0
  Androgen Receptor   0                   6                  0                                               0    10   0
  APC                 3                   72                 4.2                                             7    95   7.4
  ARAF                0                   6                  0                                               0    10   0
  ATM                 0                   72                 0                                               4    94   4.3
  ATRX                2                   5                  40                                              1    9    11.1
  BAP1                0                   6                  0                                               1    10   10
  **BRAF**            9                   72                 12.5**[^\*^](#tfn_006){ref-type="table-fn"}**   1    95   1.1
  BRCA1               2                   44                 4.5                                             2    36   5.3
  BRCA2               4                   44                 9.1                                             2    35   5.4
  CDK4                0                   6                  0                                               0    10   0
  CDKN2A              0                   3                  0                                               1    8    12.5
  CHEK1               0                   6                  0                                               0    10   0
  CHEK2               0                   6                  0                                               0    10   0
  cKIT                5                   72                 6.9                                             2    95   2.1
  cMET                1                   72                 1.4                                             0    95   0
  CSF1R               2                   72                 2.8                                             0    95   0
  CTNNB1              1                   72                 1.4                                             0    95   0
  DDR2                0                   6                  0                                               0    10   0
  EGFR                6                   71                 8.5                                             7    95   7.4
  ERBB2               0                   69                 0                                               0    92   0
  ERBB3               0                   6                  0                                               0    10   0
  FGFR1               0                   72                 0                                               0    95   0
  FGFR2               2                   71                 2.8                                             0    95   0
  FGFR3               0                   6                  0                                               0    10   0
  FLT3                0                   71                 0                                               1    95   1.1
  GNA11               1                   66                 1.5                                             0    84   0
  GNAQ                1                   72                 1.4                                             0    79   0
  GNAS                0                   62                 0                                               0    95   0
  HRAS                0                   65                 0                                               0    78   0
  IDH1                0                   72                 0                                               0    95   0
  IDH2                0                   53                 0                                               0    57   0
  JAK2                0                   72                 0                                               1    95   1.1
  KDR                 0                   72                 0                                               1    95   1.1
  KRAS                3                   72                 4.2                                             2    95   2.1
  MEK1                0                   6                  0                                               0    10   0
  MEK2                0                   6                  0                                               0    10   0
  MLH1                2                   71                 2.8                                             0    95   0
  MPL                 0                   71                 0                                               0    92   0
  NF1                 4                   6                  66.7                                            2    10   20
  NOTCH1              0                   70                 0                                               0    95   0
  NRAS                0                   72                 0                                               1    95   1.1
  NTRK1               0                   6                  0                                               0    10   0
  **PDGFRA**          3                   71                 4.2**[^\*^](#tfn_006){ref-type="table-fn"}**    0    94   0
  PDGFRB              0                   6                  0                                               0    10   0
  PIK3CA              6                   72                 8.3                                             6    95   6.3
  PTCH1               0                   6                  0                                               1    10   10
  PTEN                11                  69                 15.9                                            23   90   25.6
  **PTPN11**          5                   71                 7**[^\*^](#tfn_006){ref-type="table-fn"}**      1    95   1.1
  RAF1                0                   6                  0                                               0    10   0
  RET                 0                   66                 0                                               2    88   2.3
  ROS1                0                   6                  0                                               1    10   10
  **SMARCA4**         3                   6                  50[^\*^](#tfn_006){ref-type="table-fn"}         0    10   0
  SMO                 1                   65                 1.5                                             1    81   1.2
  **TP53**            30                  71                 42.3[^\*^](#tfn_006){ref-type="table-fn"}       23   94   24.5
  VHL                 0                   65                 0                                               0    88   0
  WTI                 0                   6                  0                                               1    10   10

indicates *P* value \< 0.05;

\^ indicates *P* value \> 0.05 but \< 0.10.

To account for the possibly confounding issue of secondary versus primary GBM, we performed a sub-analysis to determine if there is an enrichment of secondary GBMs in our pediatric population. For this analysis we used EGFR expression and p53 mutation as surrogate markers for de novo and secondary GBM respectively. We did not find a significant association between EGFR expression and patient age in this sub-analysis. However, we did see significant enrichment of p53 mutations in younger patients, 57% \[56/99\] compared to 26% \[25/97\] in older patients (*P* \< 0.0001). This analysis is present in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}.

MGMT promoter methylation incidence is higher in elderly patients {#s2_5}
-----------------------------------------------------------------

Pyro-sequencing was performed on 220 samples. MGMT promoter methylation was present in 41% (44/107) of younger patients and 49% (55/113) of older patients in histologically-defined GBM, suggesting a possible association of MGMT promoter methylation with an older cohort. When IDH wild-type GBM samples alone were analyzed, elderly patients showed significantly increased MGMT promoter methylation relative to younger patients (48% \[43/89\] versus 31% \[21/6\], respectively; *P* = 0.0334).

Association between age and mutational frequency {#s2_6}
------------------------------------------------

Evaluation of the entire database (592 genes) showed the mean number of mutations to be 3.44 (SD 9.4) for elderly patients and 3.49 (SD 8.165) for the younger patients, which was not found to be statistically significant by Cochran Armitage trend test (Figure [1A](#F1){ref-type="fig"}). Analysis of the panel of 59 confirmed cancer-related genes showed a significant difference in mutational frequency between young and elderly patients. Note that the selection of the 59 gene panel was based on research in literature, independent of the current study. The maximal number of mutations was 10, and were harbored by a young patient. The mean number of mutations in elderly patients was 0.88 (SD 1.09) compared with 1.39 (SD 1.611) in younger patients, and this was statistically significant by using Cochran Armitage trend test (*P* = 0.004) (Figure [1B](#F1){ref-type="fig"}).

![Association between age and mutational frequency in glioblastoma multiforme\
(**A**) Association between age and mutational load: analysis of 592 genes. The mean number of mutations was 3.44 (SD 9.4) for elderly patients and 3.49 (SD 8.165) for the younger patients (*P* = ns). (**B**) Association between age and mutational load: analysis of a panel of cancer-specific genes (*N* = 59). The mean number of mutations was 0.88 (SD 1.09) in elderly patients and 1.39 (SD 1.611) in younger patients (*P* = 0.004).](oncotarget-07-69466-g001){#F1}

DISCUSSION {#s3}
==========

The standard of care for GBM is radiotherapy with concomitant and adjuvant temozolomide (TMZ). A notable proportion of GBM patients are resistant to current therapy, and durable control is generally elusive, leaving patients with limited therapeutic options. Additionally, the molecular heterogeneity of GBM poses a challenge in achieving therapeutic progress. Multiplatform tumor profiling can yield biomarker information that may prove clinically actionable and thereby potentially impacting clinical decision making. We performed a molecular analysis on a large cohort of GBM patients focusing on differential patterns of protein expression and genetic mutations seen in young and elderly patient cohorts. We found several molecular differences between age groups including enrichment of ALK, RRM1, and TUBB3 protein expression and *ATRX*, *BRAF*, *IDH1* and *TP53* mutations in the younger cohort. Our data suggest that the mutational landscape may actually be enriched in younger patients relative to older patients. As expected and consistent with the literature, *IDH1* and *ATRX* are more frequently mutated in younger patients, which confers a more favorable prognosis \[[@R17], [@R18]\]. There is currently active searches for candidate drugs via high-output screening of compounds and robust activity on developing agents targeting the IDH mutant \[[@R19], [@R20]\]. Our data suggests that screening for this target in a younger patient population may be more likely to yield candidates for trials that select based on IDH mutational status. Although molecular expression was different between young and elderly GBM patients, *BRAF* mutations overall were rare, constituting only 5.7% of patients. Nonetheless, younger patients are more likely to benefit from both *BRAF*- and *TP53-*targeted approaches \[[@R21], [@R22]\]. Interestingly, *PTEN* was the only gene to display increased mutation frequency in the elderly patient cohort. MGMT promoter methylation was also significantly higher in elderly patients (particularly *IDH* wild type) suggesting that the elderly may be more likely to benefit from a combination of TMZ and therapy targeting *PTEN* (i.e. PI3K/Akt/mTOR pathway). No differences in the immune checkpoint expression axis were found between young and elderly patients, and thus the benefit, or the lack thereof, is not predicted to be predicated on age.

The most frequently expressed protein in GBM was TUBB3, including in elderly patients. TUBB3 has been associated with multiple malignances and contributes to an aggressive phenotype, chemoresistance, and poor prognosis \[[@R23], [@R24]\]. GBMs are known to have alterations in the microtubule cytoskeleton and to exhibit cell motility and invasiveness. The expression of TUBB3 in GBM has been previously described, including an association with higher pathological grade \[[@R15], [@R25], [@R26]\]. However, an association of TUBB3 with younger age has not been previously reported and may be related to the role of TUBB3 in fetal central nervous system development \[[@R27]\]. Such robust expression in GBM makes TUBB3 a potential therapeutic target. Epothiolones have been shown to act on TUBB3-expressing glioma cells by inhibiting cell motility through cytoskeleton disruption, promoting tumor cell death by survivin down-regulation and by mediating therapeutic effects in preclinical models \[[@R28]--[@R30]\]. There have been several clinical trials dedicated to tubulin-targeted therapy for GBM, but results have been mixed and overall underwhelming \[[@R31]--[@R33]\]. The lack of therapeutic efficacy may be ascribed potentially to challenges with drug delivery as it remains unclear whether these agents have sufficient blood-brain barrier penetration. In addition, questions remain whether the target was successfully inhibited, or if the target was even present. Given the small numbers of subjects enrolled in these studies, if they contained an enrichment of elderly patients, the target may not have even been present.

RRM1, more frequently expressed in younger patients, is involved in DNA synthesis and repair \[[@R34], [@R35]\]. Low levels of RRM1 are associated with improved survival in patients with other types of malignancies treated with gemcitabine therapy \[[@R36], [@R37]\]. A recent phase I trial has been conducted to evaluate the tolerability of gemcitabine plus radiation therapy in patients with high-grade glioma \[[@R38]\]. Potentially, the responding patient population could be enriched by selecting for older patients or by screening for the lack of expression of RRM1.

Similar to TUBB3, ALK also has a role in embryonic central nervous system development \[[@R39]\] and is more frequently expressed in younger GBM patients. ALK is a receptor tyrosine kinase that binds to the growth factor pleiotrophin (PTN) \[[@R40]\] and has been previously shown to be expressed in GBM \[[@R15]\]. It has been implied that ALK contributes to gliomagenesis via multiple mechanisms including growth stimulation, mediation of anti-apoptotic pathways, self-renewal of glioma stem cells, and angiogenesis \[[@R40]--[@R43]\]. Furthermore, glioma patients with a higher expression of PTN or ALK have shorter survival times \[[@R39]\]. The ALK inhibitor Crizotinib has shown therapeutic effects in the GL261 model \[[@R43]\] and is currently in clinical trials for patients with lung cancer \[[@R44]\]. Our data suggest that a subset of young GBM patients may benefit from ALK-targeted therapy. Finally, our analysis indicates that a substantial proportion of GBM patients, regardless of age, may benefit from topoisomerase inhibitors (e.g., irinotecan, topotecan), which have been tested in GBM clinical trials in combination with other agents \[[@R45]\].

The current study employed a commercial database that is not clinically annotated regarding with reference to prior treatments therefore we are unable to account for the potentially confounding factor of treatment-induced mutational frequency \[[@R46]\]. It is likely that our cohort is enriched for posttreatment subjects since this is the usual scenario for comprehensive profiling when standard-of-care therapy has failed. In light of this, it should be noted that because as this is a commercial database, all findings may not be generalizable to the unselected GBM patient population. Furthermore, we are not able to correlate the molecular findings with clinical outcome. However as previously discussed, many of the differentially expressed alterations observed have previously been evaluated with regard to prognostic impact. Furthermore, because GBM samples were submitted at different stages of the disease-treatment process, we cannot relate molecular characteristics to tumor behavior. More importantly, we have very little data on the pattern of alterations present at GBM diagnosis, first recurrence, and subsequent recurrences. Because this is a clinical repository, such associations can\'t be determined. The genes included in the analysis were not randomly selected across the genome, which could also impact our conclusion that younger cases would have more mutations relative to a prior study \[[@R9]\] which has shown that mutation frequency increases with age, as has also been reported for other studies. Lastly, it is a fair consideration that the molecular differences between the young and elderly cohorts may reflect the difference between secondary and primary GBMs respectively. It is argued that due the molecular differences between them, they may represent completely different disease entities. We attempted to address issue this with a sub-analysis using surrogate makers of primary (EGFR expression) and secondary (p53 mutation) GBMs \[[@R47]\]. We found an increased frequency p53 mutations in our young patient population suggesting an enrichment of secondary GBMs. Despite these shortcomings, our study is strengthened by its size and the wide array of markers surveyed. In the case of GBM, most mutations are rare and will require large-scale comprehensive molecular profiling of a large number of patients in order to find enough patients with a specific actionable mutation(s) to determine efficacy of any targeted therapy. This study is the first to suggest that screening the tumors of younger patients for actionable targets may be more likely to reveal a biomarker result that is significant and influences clinical decision-making.

In summary, multiplatform tumor profiling has the potential to uncover biomarkers predictive of outcome and to potentially yield actionable clinical targets for therapy. By surveying this large cohort of GBM patients, we were able report significant molecular differences based on patient age. Interestingly, young patients showed a higher prevalence of key mutations and increased expression of two biomarkers, TUBB3 and ALK, which also have a known role in nervous system development. The enrichment of many GBM mutations in younger patients, with the sole exception of PTEN, offers many more therapeutic targets in contrast to the elderly population with GBM. Future studies will be focused on correlating large-scale molecular profiling data with radiographic tumor characteristics, tumor treatment response, and overall survival.

MATERIALS AND METHODS {#s4}
=====================

All samples were from patients with GBM (*N* = 375) and were submitted to Caris Life Science for multiplatform analysis between 2009 and 2016. Prior to analysis, the initial histological diagnosis was confirmed based on the World Health Organization (WHO) classification of 2007. Retrospective analysis was performed to identify biomarker characteristics of younger (\< = 45 years) versus elderly (\> = 70 years) cohorts of patients. Pediatric patients (\< 18 years) were excluded. This study is exempt per policy 45 CFR 46.101 (b); the data analyzed is from an existing commercial repository and subject information is de-identified.

Immunohistochemistry (IHC) {#s4_1}
--------------------------

Analysis was performed on full formalin-fixed paraffin-embedded (FFPE) sections of GBM samples (*N* = 375) on glass slides. Slides were stained using automated staining techniques, per the manufacturer\'s instructions, and were optimized and validated per CLIA/CAO and ISO requirements. Inter-batch variability of the antibodies used was stringently monitored by a combination of western blotting against cell lysates and recombinant protein and liquid chromatography-tandem mass spectrometry (LC-MS/MS). Antibody batches that failed quality controls were eliminated. Tumor cells were scored for all proteins of interest with the exception of PD-1, which is scored on tumor infiltrating lymphocytes. Staining was scored for intensity (0 = no staining; 1+ = weak staining; 2+ = moderate staining; 3+ = strong staining) and staining percentage (0--100%). Results were categorized as positive or negative by defined thresholds specific to each marker based on published clinical literature that associates biomarker status with patient responses to therapeutic agents. A board-certified pathologist evaluated all IHC results independently.

*In situ* hybridization {#s4_2}
-----------------------

Detection of codeletion of chromosomes 1p and 19q 19q were assessed by fluorescence *in situ* hybridization (FISH) using the Abbott Molecular probes for 1p36/1q25 and 19p13/19q13. Codeletion was confirmed when ratios of 1p/1q signals and 19q/19p signals were both \< 0.80. FISH or CISH was used to detect cMET gene amplification, and CISH was used to detect EGFR gene amplification.

Fragment analysis (FA) {#s4_3}
----------------------

Fragment analysis (FA) was used to detect the EGFRvIII mutant. FA was performed on RNA extracted from FFPE samples. Two sets of flurophone-6-carboxy fluorescein (FAM)-linked primers were used in the PCR amplification of the wild-type and mutant EGFR alleles. PCR products were visualized using ABI-3500 × 1. Signal, generated from the wild-type alleles were used as an amplification control, and samples were considered positive if EGFRvIII was detected at a level 5x higher than the background signal.

MGMT methylation testing {#s4_4}
------------------------

MGMT methylation testing was performed on DNA by pyro-sequencing-based analysis of 5CpG sites (CpGs 74--78). Samples with \> 7% and \< 9% methylation were considered equivocal and previously set cut points were used \[[@R48], [@R49]\].

Mutational analysis {#s4_5}
-------------------

All patients' samples did not undergo (next-generation sequencing) NGS, as data is collected from a commercial database comprising all GBM tumors that went through tumor profiling. At a given time, the ordering physician may have requested different tests for the patient, i.e., a full panel of tumor profiling versus a portion of a panel. Additionally, the cohort includes patients profiled before NGS was available. GBM samples were tested with NGS on genomic DNA isolated from FFPE tumor tissue. Among the 198 samples requested for analysis, 178 were sequenced using the Illumina MiSeq platform of which specific regions of 47 genes were amplified using the customized Illumina TruSeq Amplicon Cancer Hotspot panel. The remaining tumors (*N* = 20) were sequenced using the Illumina NextSeq platform on 592 genes. All variants were detected with \> 99% confidence and with an analytical sensitivity of 5%.

A subset 59 genes (predetermined independently) was chosen for analysis because they are well-known cancer related genes, including known oncogenes, tumor suppressors, etc. This panel of 59 was interpreted by board-certified molecular geneticists and categorized as pathogenic, presumed pathogenic, variant of unknown significance, presumed benign, or benign, according to ACMG (American College of Medical Genetics and Genomics) standards, and results from both the Illumina MiSeq and the Illumina NextSeq platforms are included in the comparative analysis. Pathogenic, presumed pathogenic and variants of unknown significance were counted as mutations.

Statistical analysis {#s4_6}
--------------------

Fisher\'s exact test was used to compare genetic and molecular mutation rates between two age groups (R v3.1.2). Cochran Armitage trend test \[[@R50]\] to examine whether the counts of mutations were different by age group. *P* values of \<.05 were considered significant; a P of \<.1 but \>.05 was considered weakly significant. Multiple comparison adjustment was not conducted, owing to the exploratory nature of the study.
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